Treatment with neuraminidase (NA) plus galactose oxidase (GalOxase) does not cause stimulation of human thymocytes. However, stimulation can be achieved by addition of exogenous interleukin 2 (IL-2). The IL-2-induced stimulation was inhibited with anti-Tac antibody, indicating that NA/GalOxase-oxidized cells can serve as inducers of functional IL-2 receptors on IL-2-responding T cells. The induction of IL-2 receptors by the oxidized cells was not inhibited by subsequent reduction with borohydride, since the cells could still be stimulated with IL-2. The presence of IL-2 receptors was also confirmed by flow cytometry using indirect immunofluorescence. Peripheral blood lymphocytes can be stimulated by NA/GalOxase treatment, and the conditioned medium from this treatment can support the growth of an IL-2-dependent line, This stimulation can be inhibited with borohydride and restored with IL-2. The conditioned medium derived from the borohydride-reduced cells cannot support the growth of the IL-2-dependent line, indicating that borohydride inhibits the oxidation-induced IL-2 production. The results suggest that NA/GalOxase-oxidized sites can be modified chemically without losing the potential to induce IL-2 receptors.
Resting lymphocytes can be activated by mitogens and antigens and by chemical or enzymatic oxidation. The activation has been considered to be dependent on crosslinking of the mitogen receptors on the cell surface membrane, resulting in the induction of DNA synthesis and subsequent mitosis (1) .
Studies with lectins indicate that mitogenic activation of lymphocytes is at least a two-step process (2) . Binding of the mitogen to the cell surface causes the simultaneous production of interleukin 2 (IL-2) by one set of cells (IL-2 producers) and induction of IL-2 receptors in another population of cells (IL-2 responders).
Oxidative mitogens, another group of polyclonal T-cell stimulators (3) , also appear to exert their blastogenic effects through interleukins (4, 5) . It has been shown that oxidationinduced mitogenesis is inhibited by aldehyde-blocking agents such as sodium borohydride (6, 7) . Therefore, it was of interest to examine which stage(s) of the process is inhibited by borohydride: production of IL-2 or induction of IL-2 receptors. In the present study, it was found that borohydride inhibits IL-2 production without affecting induction of IL-2 responsiveness, since full stimulation can be restored by addition of primate IL-2.
Anti-Tac monoclonal antibody has recently been identified as a putative antibody against the IL-2 receptor in human T cells (8) and has been shown to block many IL-2-dependent T-cell-mediated immune reactions (9) . We therefore decided to investigate whether oxidative mitogenesis is also associated with Tac antigen expression.
Here we provide evidence that incubation of human T lymphocytes with neuraminidase (NA) plus galactose oxidase (GalOxase) results in the expression of Tac antigen and concomitant induction of IL-2 responsiveness. Moreover, after the reduction step, anti-Tac binding potential was retained, confirming that functional IL-2 receptors are expressed on the reduced lymphocytes. Such studies on functionally isolated cell populations may shed additional light on the mechanism of T lymphocyte activation.
MATERIALS AND METHODS Materials. Phytohemagglutinin (PHA) and affinity-purified goat anti-mouse IgG labeled with fluorescein isothiocyanate were obtained from Bio-Yeda (Rehovoth, Israel); Vibrio comma NA was from Behringwerke and Dactilium dendroides GalOxase was from Sigma. To inactivate residual enzyme contaminants, GalOxase was dissolved to 100 units/ml in phosphate-buffered saline (pH 7.3; P,/NaCl) and incubated for 30 min at 500C. NaBH4 was obtained from Fluka. [ Rabin et al. (10) . This line releases IL-2 constitutively, without detectable levels of other lymphokines and cytokines (11) . Briefly, MLA144 cells were grown in 200-ml tissue culture flasks (Falcon 3024) in RPMI 1640 medium containing fetal bovine serum. When the cell density reached 2 x 106/ml, the cells were washed three times with RPMI 1640 medium, reseeded in serum-free medium at 2 x 106/ml and incubated at 37°C for 48 hr. The cells were then removed by slow-speed centrifugation and the conditioned medium was filtered through a 0.45-,um filter unit (Falcon 7102). This filtrate will be referred to below as SF-MLA144-CM.
Cell Preparation. A portion of fresh normal thymus was obtained from patients, aged 7 mo to 4 yr, following corrective heart surgery (more than 20 samples were studied). Sep- (Fig. 1) .
Effect of Borohydride on NA/GalOxase-Induced IL-2 Responsiveness. Sodium borohydride inhibits the stimulation of lymphocytes induced by oxidative mitogens. As shown in Fig. 2 , reduction with borohydride of PNA-thymocytes immediately after their oxidation with NA/GalOxase did not affect their ability to respond to IL-2. Borohydride reduction of nonoxidized cells had no effect on the induction of IL-2 responsiveness. In thyrnocytes from young patients, NA/ GalOxase was not mitogenic. This may be due to the fact that such thymocyte preparations are nearly devoid of monocytes (14) , an essential cellular component for the production of interleukin 1, which is a prerequisite for IL-2 production (2). However PBL, which do include accessory cells, can be activated by NA/GalOxase treatment and are inhibited by borohydride. The stimulation can then be restored with exogenous IL-2 (Fig. 3) .
Effect of Reduction on NA/GalOxase-Induced Tac Antigen Expression. The ability of NA/GalOxase to induce Tac antigen expression was tested by flow cytometry using indirect immunofluorescence. The fluorescence distribution of the PNA-thymocytes shown in Fig. 2 is illustrated in Fig. 4A . After 16 hr of incubation, the fluorescence intensity exhibited by the sample that had been treated successively with NA/GalOxase and borohydride was less than that of the sample treated with NA/GalOXase alone. After 60 hr, however, the fluoresence distribution of the two samples superimposed. Cells not subjected to oxidation displayed only background fluorescence. The fluorescence pattern from unseparated PBL is shown in Fig. 4B . In this case, there was no significant difference in the behavior of the NA/GalOxase and NA/GalOxase-, NaBH4-treated samples. Borohydride reduction of nonoxidized cells had no effect on Tac antigen expression (data not shown).
Proc. NatL Acad Sci. USA 81 (1984) Proc. Natl. Acad. Sci (13) to study the proliferation induced by different conditioned media. It has been shown previously (4) that NA/GalOxase treatment of PBL results in IL-2 production. This has been confirmed in our studies (Table 1) , which showed that borohydride treatment of NA/GalOxase-oxidized PBL inhibits the potential of these cells to produce IL-2, as indicated by the failure of CTLL-2 cells to proliferate in the presence of conditioned medium derived from these cultures. Cultures incubated with PHA were not affected by previrus treatment with the reducing agent. In addition, borohydride reduction of nonoxidized cells had no effect on IL-2 production by native PBL.
DISCUSSION
The production of aldehyde groups on lymphocytes by mild oxidation with sodium periodate or with NA/GalOxase is an excellent tool to study the mechanism of lymphocyte activation (3, 5) . The 7). Oxidative mitogenesis can also be blocked by other aldehyde-specific groups such as hapten-containing hydrazides; the derivatized lymphocytes can then be activated with antibodies against the hapten (15) . In the case of murine thymocytes, it was shown more than a decade ago that oxidation alone is not enough to cause stimulation and that accessory cells (or their products) are required (16) .
In this study, we were able to clarify the growth factor requirements underlying the induction of oxidative mitogenesis in human thymocytes. T-cell activation in our system could be obtained by addition of IL-2, indicating that all the molecular components (with the exception of IL-2) required for stimulation were present on the cells by virtue of the oxidation procedure. This implies that oxidation of pure T cells does not result in IL-2 production but induces its putative PBL were subjected to the indicated treatments and cultured for 24 hr. To assay IL-2 activity, supernatants were collected and added to previously seeded CTLL-2 cells. Each culture was incubated for 40 hr and pulsed with [3H]thymidine 16 hr before termination. When no CM was added, the background value detected was 662 + 89. PHA was used at 10 ug/ml. Results are expressed as arithmetic mean of quadruplicate wells; SD values were 5-15%. membrane receptors, thereby causing stimulation. This observed stimulation could be inhibited by anti-Tac antigen, which is thought to recognize the human IL-2 receptor. AntiTac has been shown, in vitro, to block various human T-cell activation systems that are induced by antigens and mitogenic lectins (9) . We have extended these observations to oxidative mitogens, thereby including oxidative mitogenesis in the same category.
It was essential to determine whether the persistence of aldehyde groups at the cell surface is required throughout the incubation period in order to induce IL-2 receptors. We therefore reduced the aldehyde groups with borohydride, and we found that the thymocytes respond equally well to IL-2. The presence of IL-2 receptors on the reduced thymocytes was also confirmed by indirect immunofluorescence.
To study which stage of the stimulation is inhibited by borohydride we used PBL, which, unlike thymocytes, can be stimulated by NA/GalOxase. Using this system, we have shown that borohydride inhibits IL-2 production. Thus, production of IL-2 and induction of its receptors are carried out by two different mechanisms. We have not yet determined whether the inhibition of IL-2 production is a direct result of borohydride-reduced T cells or whether the inhibition of IL-2 production by T cells is carried out by another mechanism-e.g., inhibition of interleukin 1 production by monocytes or induction of prostaglandin E2 synthesis (17) . Nevertheless, at this stage it is clear that aldehyde groups must be present on the oxidized cells for IL-2 production but not for IL-2 receptor expression.
The observation of Larsson and Coutinho (18) , using submitogenic amounts of PHA, which can selectively induce IL-2 receptors on mouse splenocytes, is somewhat similar to our results. However, the chemical nature of our system offers wider experimental possibilities for the molecular study of IL-2 receptor induction, because different aldehydeblocking agents can be used to label the oxidized sites without the loss of IL-2 receptor expression. This system is also suitable for the study of cell-cell interactions, since signal transmission in oxidative mitogenesis can also be induced indirectly (5, 19) .
We suggest that oxidized thymocytes contain cells that induce expression of the IL-2 receptor as well as cells which bear such receptors; however, unlike PBL, the thymocytes lack a functional IL-2 production system. We cannot yet exclude the possibility that the putative functions suggested for thymocytes may be carried out by the same T cell.
